E2F is a family of transcription factors that regulate the expression of genes involved in a wide range of cellular processes, including cell-cycle progression, DNA replication, DNA repair, differentiation, and apoptosis. E2F1, the founding member of the family, undergoes posttranslational modifications in response to DNA damage, resulting in E2F1 stabilization. In some cases, E2F1 is important for DNA damage-induced apoptosis through the transcriptional activation of p73 and perhaps other proapoptotic target genes. However, in other contexts, E2F1 can stimulate DNA repair and promote survival in response to DNA damage. The E2F1 protein accumulates at sites of both DNA double-strand breaks and UV radiation-induced damage, indicating that E2F1 has a nontranscriptional function at sites of damage. This review summarizes recent progress made in understanding the role of E2F1 in the DNA damage response, including transcription-independent activities that facilitate DNA repair in the context of chromatin. Cancer Res; 72(1); 13-7. Ó2011 AACR.
Introduction
The E2F family of transcription factors controls the expression of genes involved in cell proliferation, differentiation, and apoptosis. There are 8 mammalian E2F genes (E2F1-8) and 3 related DP genes (DP1, DP2/3, and DP4). E2F1 through E2F6 require heterodimerization with a DP protein to create a functional DNA-binding factor, whereas E2F7 and E2F8 bind DNA independently of DP factors. The E2Fs were originally classified as either activators or repressors of transcription on the basis of in vitro reporter assays and expression patterns during the cell cycle. However, it is now clear that several E2F family members can function as either activators or repressors of transcription, depending on the cellular context and target gene (1) .
The activities of E2F1 through E2F5 are regulated by binding to the retinoblastoma (RB) tumor suppressor protein and the related pocket proteins p107 and p130. In general, pocket protein binding blocks the transcriptional activity of E2F-DP dimers by masking the transcriptional activation domain located in the carboxy terminus of E2F1 through E2F5. This association prevents E2F-DP heterodimers from recruiting transcriptional coactivators, such as histone acetyltransferases, to the promoters of target genes. RB family members can also convert E2Fs to transcriptional repressors by recruiting other chromatin-modifying enzymes that block access to the basal transcription machinery. Cyclin-dependent kinases (CDK), particularly cyclin D-and cyclin E-associated kinases, phosphorylate RB and the other pocket proteins on multiple sites during cell-cycle progression. These phosphorylation events regulate RB interactions with corepressors and E2F family members to modulate the transcription of various genes involved in cell proliferation and other processes.
A number of E2F family members are known to be responsive to DNA damage. More than 10 years ago, it was shown that E2F1 is induced in response to various DNA-damaging agents, including ionizing radiation, UV radiation, and a number of chemotherapeutic drugs (2) (3) (4) . This response primarily involves an increase in E2F1 protein stability and, in at least some cases, is associated with the induction of apoptosis (3, 5, 6) . On the other hand, E2F4 levels decrease in response to drugs that cause DNA damage, and this may also be important for drug-induced apoptosis (5, 6) . Although previous studies did not observe a change in E2F3 levels following DNA damage, a recent study shows E2F3a induction following treatment with several chemotherapeutic drugs (7). Moreover, E2F3 was shown to transcriptionally upregulate E2F1 and contribute to the induction of apoptosis in drug-treated cells. E2F7 and E2F8 are also upregulated in response to DNAdamaging drugs, but in this case, E2F7 and E2F8 repress apoptosis (8) . When induced, E2F7 and E2F8 bind to and repress the E2F1 gene promoter, which may limit E2F1-induced apoptosis in response to damage. DNA damage also induces the expression of DP2/3 and DP4 (9, 10) . These heterodimeric partners positively (DP2/3) or negatively (DP4) regulate E2F-mediated apoptosis.
The mechanisms by which most of the E2F family members respond to DNA damage are poorly understood. Moreover, the role they play in the DNA damage response has not been extensively explored, and in many cases, research has focused on how these E2F family members regulate the apoptotic activity of E2F1. In contrast, much more is understood about how DNA damage signaling modifies E2F1 and the role these modifications play in regulating E2F1 functions. Thus, this review focuses on the progress made in understanding E2F1 regulation and function in response to DNA damage.
Posttranslational Modifications of E2F1 in Response to DNA Damage
Given the key role of the ataxia telangiectasia mutated (ATM) kinase in orchestrating many of the cellular responses to DNA damage, Lin and colleagues explored the role of ATM in E2F1 stabilization (5) . ATM was found to phosphorylate E2F1 on serine-31, a site not conserved in other E2F family members. E2F1 was not stabilized in response to DNA doublestrand breaks in cells lacking ATM activity or when serine-31 was mutated to alanine (5) . The ATM and Rad3 related (ATR) kinase was also shown to phosphorylate E2F1 on serine-31, consistent with the finding that ATR-activating agents, such as UV radiation, also induce E2F1 levels (2, 4, 5) . The 14-3-3t protein binds to E2F1 specifically when it is phosphorylated on serine-31, and this blocks E2F1 ubiquitination and degradation by the proteosome (11) . In the absence of 14-3-3t, E2F1 is not stabilized, proapoptotic target genes like p73 and Apaf1 are not induced, and apoptosis is inhibited in response to DNA damage.
Several other DNA damage-inducible modifications also occur on E2F1 and may contribute to stabilization or altered activity (Fig. 1A) . Checkpoint kinase 2 (CHK2), which is downstream of ATM in the DNA damage response, phosphorylates E2F1 on serine-364 (12) . This phosphorylation site is not conserved in most other mammals but seems to contribute to the stabilization of human E2F1 through an unknown mechanism. It was recently reported that E2F1 is phosphorylated on serine-403 in response to doxorubicin treatment, which was associated with increased E2F1 transcriptional activity (13) . Although serine-403 is conserved in mammals and some other species, the kinase responsible for this modification is unknown.
E2F1 is also acetylated in response to DNA damage on several lysine residues (K117, K120, and K125) near the DNA-binding domain by either P/CAF or p300 acetyltransferase (14-16). These conserved lysines are also found in E2F2 and E2F3, but it has not been determined whether these other E2F family members are also acetylated in response to DNA damage. Acetylation of E2F1 is stimulated by ATM-mediated phosphorylation at serine-31 but can also occur with reduced efficiency independent of serine-31. Acetylation contributes to E2F1 stabilization following DNA damage independently of serine-31 phosphorylation (15) . Acetylation of E2F1 also enhances DNA-binding activity, particularly on the p73 gene promoter, and it is important for the induction of apoptosis in response to agents that cause double-stand breaks (17) . Interestingly, E2F1 is not acetylated in response to UV radiation, so E2F1 does not transcriptionally activate p73 or promote apoptosis following UV irradiation (17) . Consistent with the positive role that some acetyltransferases have on E2F1 activity, the SIRT1 deacetylase negatively regulates E2F1-mediated apoptosis. SIRT1 interacts with E2F1 and inhibits p73 induction and apoptosis in response to etoposide by directly deacetylating E2F1 and/or by deacetylating and inhibiting P/CAF (16, 18) .
A recent report shows that E2F1 is also methylated on lysine-185 by the Set9 methyltransferase, which inhibits E2F1 transcriptional activity (19) . In response to doxorubicin treatment, E2F1 is demethylated at this site by the LSD1 demethylase, resulting in increased E2F1 activity and the promotion of apoptosis. As might be expected, cross-talk seems to occur among these different modifications, as methylation of E2F1 inhibited E2F1 acetylation and phosphorylation on serine-364 (19) .
Regulation of E2F1 Transcriptional Activity by Protein Partners in Response to DNA Damage
RB binds to E2F1 through 2 different mechanisms: one that is common to other E2F family members and occurs at the carboxy terminus and another specific to E2F1 that involves other regions of E2F1 (20) . In response to DNA damage, the E2F1-specific interaction is reduced, whereas the carboxyterminal interaction is enhanced by the phosphorylation of RB on serine-612 by the DNA-damage responsive CHK1 or CHK2 kinases (21) . Surprisingly, E2F1-RB complexes formed following DNA damage not only participate in the transcriptional repression of cell-cycle genes like cyclin A2 but also in the activation of proapoptotic genes such as p73 and caspase-7 (22) . Two different E2F1-RB complexes seem to form in response to DNA damage, a repressing complex containing histone deacetylase 1 (HDAC1) and an activating complex containing P/CAF ( Fig. 1B; ref. 22) .
The amino terminus of E2F1 interacts with 2 different proteins containing BRCA1 carboxy-terminal (BRCT) domains that have opposing activities in regulating E2F1-dependent transcription in response to DNA damage (Fig. 1B) . Microcephalin (MCPH1/BRIT1) contains 3 BRCT domains; the second and third BRCT domains are required for binding to E2F1 (23) . MCPH1 augments E2F1 transcriptional activity and can be found with E2F1 on target gene promoters that include p73, BRCA1, CHK1, and Caspase-7. The interaction between E2F1 and MCPH1 increases in response to DNA-damaging drugs, and MCPH1 is required for E2F1-mediated induction of p73 and apoptosis (23) .
The TopBP1 protein also interacts with E2F1 in response to DNA damage, but in this case, E2F1 transcriptional activity is inhibited independently of RB (24, 25) . TopBP1 is involved in the DNA damage response through its interaction with Rad9 and other DNA repair factors and as an activator of ATR. TopBP1 contains 9 BRCT domains (BRCT0-8), and the BRCT6 domain specifically binds E2F1 when it is phosphorylated on serine-31 (24) . Other E2F family members that lack this phosphorylation site do not bind to and are not inhibited by TopBP1. This interaction with TopBP1 is important for suppressing E2F1-mediated cell-cycle progression and apoptosis following DNA damage. The mechanism by which TopBP1 represses E2F1 transcriptional activity relies upon the recruitment of Brg1 and hBrm, which are components of the SWI/SNF chromatin-remodeling complex, to E2F1 target gene promoters (25) . E2F1 binding to TopBP1 is also regulated by Aktmediated phosphorylation of TopBP1 (26) . Phosphorylation of TopBP1 by Akt results in TopBP1 dimerization, which is required for E2F1 to bind TopBP1 (26) .
TopBP1 and MCPH1 bind to the same region of E2F1, yet have opposite effects on E2F1 transcriptional activity, so it is likely that their binding is mutually exclusive. At present, it is unclear what determines whether E2F1 will bind to TopBP1 and be repressed or associate with MCHP1 to enhance transcriptional activity. One difference between these interactions is that TopBP1 binding is sensitive to E2F1 serine-31 phosphorylation, whereas MCPH1 binding seems to be independent of serine-31 phosphorylation (23) . It is quite possible that RB interacts with E2F1 at the same time as TopBP1 or MCPH1, as RB interacts with the carboxy-terminus of E2F1, whereas TopBP1 and MCPH1 bind the amino terminus. Additional work will be required to determine the composition of different E2F1-containing complexes that form following DNA damage and their unique functions in the DNA damage response.
E2F1 Functions at Sites of DNA Damage
In addition to inhibiting E2F1 transcriptional activity, TopBP1 binding recruits E2F1 to sites of DNA double-strand breaks to form foci that overlap with other DNA damage response proteins like BRCA1 (24) . E2F1 foci formation at sites of double-strand breaks specifically requires the BRCT6 domain of TopBP1 and only the amino terminus of E2F1, including serine-31, but not the DNA-binding domain (24) . E2F1 also rapidly accumulates at sites of UV-induced DNA damage, which is dependent on E2F1 serine-31 but independent of a functional DNA-binding domain (27) . Like agents that cause double-strand breaks, UV radiation also stimulates the interaction between E2F1 and TopBP1 (27) . Taken together, these findings suggest a model in which E2F1 is recruited to both DNA double-strand breaks and UV-induced damage through a phospho-specific interaction with TopBP1. Depending on the type of damage, either ATM or ATR is likely responsible for phosphorylating E2F1 on serine-31 to induce this interaction with TopBP1.
Only recently have we begun to understand the function of E2F1 at sites of DNA damage. Previous studies suggested that E2F1 activity promoted the repair of UV-induced DNA damage, but it was assumed that this was due to the transcriptional upregulation of nucleotide excision repair (NER) enzymes. However, more recently it was shown that E2F1 is required for the efficient recruitment of NER factors, including XPA and XPC, to sites of UV damage, independent of effects on the levels of these repair proteins (27) . The ability of E2F1 to promote XPA recruitment and stimulate efficient NER required serine-31, the dimerization domain, and the Marked box domain of E2F1, but it did not require a functional DNAbinding domain or transcriptional activation domain (27) . Thus, E2F1 protein domains important for transcriptional regulation, namely the DNA-binding and transactivation domains, are dispensable for E2F1 to stimulate NER. The ability of E2F1 to stimulate NER through this nontranscriptional mechanism provides a plausible explanation for the surprising finding that E2F1, which is usually thought of as a proapoptotic factor, suppresses apoptosis in response to UV irradiation (1) .
E2F1 also promotes the recruitment or retention of repair factors to sites of DNA double-strand breaks. In cells knocked out or knocked down for E2F1, NBS1 foci formation following exposure to ionizing radiation or the radiomimetic drug neocarzinostatin is significantly impaired (28) . As with the NER factors, NBS1 protein levels are not altered by E2F1 deficiency, although NBS1 phosphorylation in response to DNA damage is impaired (28) . NBS1 is part of the MRN complex that also contains Mre11 and Rad50. The MRN complex is recruited to sites of double-strand breaks through several mechanisms, although the majority of MRN is thought to be recruited through a phospho-specific interaction with the mediator of DNA-damage checkpoint 1 (MDC1) protein, which in turn is recruited to large regions of DNA flanking a double-strand break through a specific interaction with phosphorylated H2AX (gH2AX). The absence of E2F1 does not inhibit the formation of gH2AX or 53BP1 foci, suggesting that E2F1 modulates a specific branch of the DNA damage response involving NBS1. Enhanced association between E2F1 and NBS1 following DNA damage was shown in coimmunoprecipitation experiments (28) . Whether this association helps to stabilize the interaction between the MRN complex and MDC1 or whether E2F1 has another activity that promotes NBS1 foci formation remains to be determined.
The MRN complex is involved in DNA end processing to create single-stranded DNA that is required for homologous recombination and microhomology-mediated end joining. The replication protein A (RPA) complex associates with and stabilizes the single-stranded DNA flanking double-strand breaks. RPA is subsequently replaced by the Rad51 recombinase for homologous recombination. As with NBS1, the absence of E2F1 inhibits ionizing radiation-induced foci formation of RPA and Rad51, suggesting that E2F1 is important for end resection and the formation of single-stranded DNA at sites of double-strand breaks (28) . Consistent with this idea, cells lacking E2F1 display genomic instability and inefficiently repair DNA breaks following ionizing radiation exposure (28) .
It is possible that E2F1 indirectly enhances the recruitment of repair factors to sites of DNA damage by modifying chromatin structure. E2F1 was recently shown to recruit the GCN5 histone acetyltransferase to sites of UV-induced DNA damage (29) . Moreover, UV radiation induces an increase in histone H3 lysine-9 (H3K9) acetylation, and this response requires both E2F1 and GCN5. As with E2F1, GCN5 deficiency inhibits the recruitment of NER factors to sites of UV damage and impairs DNA repair (29) . Coimmunoprecipitation experiments show an association between E2F1 and GCN5 following UV damage, but the mechanism by which this association is regulated has not been determined. We also find an association between E2F1 and GCN5 in response to ionizing radiation, suggesting that GCN5 could also be involved in mediating E2F1-dependent functions at sites of DNA double-strand breaks (A.K. Biswas; unpublished data). Indeed, GCN5 was recently shown to acetylate H3 in nucleosomes containing gH2AX, which in turn promoted the recruitment of the SWI/SNF chromatinremodeling complex (30) . It is quite possible that E2F1, through its interaction with TopBP1, is responsible for GCN5 recruitment to sites of DNA double-strand breaks (Fig. 1B) .
Conclusions and Future Directions
It is now clear that E2F1 has both transcriptional and nontranscriptional functions in the responses to various types of DNA damage. Damage-inducible posttranslational modifications play key roles in regulating E2F1 interactions with protein partners, such as TopBP1, as well as with specific sites in the genome, such as the p73 gene promoter. Much work remains to characterize the E2F1 complexes that form following DNA damage and their roles in regulating transcription and DNA repair. It will be of particular interest to determine whether E2F1 collaborates with the plethora of other proteins that associate with TopBP1 to regulate transcription, DNA repair, and checkpoint signaling.
The mechanism by which E2F1 promotes the recruitment of repair factors to sites of damage remains poorly understood. Although direct binding to some repair proteins could be involved, it is quite likely that modification of chromatin structure plays an important role in the ability of E2F1 to stimulate DNA repair. Indeed, E2F1-mediated recruitment of GCN5 and the stimulation of H3K9 acetylation may be important for both NER and double-strand break repair. How the interaction between E2F1 and GCN5, and perhaps other chromatin-modifying enzymes, is regulated in response to DNA damage is another area of research that needs to be addressed.
Finally, the physiologic relevance of E2F1 in the response to DNA damage remains to be established. E2F1 can behave as either an oncogene or a tumor suppressor gene in mouse models, depending on the experimental context. The ability of E2F1 to drive cell proliferation is likely responsible for its oncogenic activity, whereas the ability of E2F1 to induce apoptosis has been suggested to underlie its tumor suppressor activity. However, at present no experimental data support a role for apoptosis induction as the mechanism by which E2F1 inhibits cancer development. An alternative explanation is that E2F1 suppresses tumor development by enhancing DNA repair efficiency and maintaining genomic stability. Given that radiotherapy and many chemotherapeutic drugs function by causing DNA damage, it will also be of interest to determine how E2F1 modulates the response to cancer therapies by either enhancing repair and cancer cell survival or promoting apoptosis and tumor regression.
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